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Abstract

The research vision of the NASA Lewis
Research Center in the area of integrated flight and
PIUP‘J]Sloncontrols technologies is described In

the Integrated Method for Propulsion and
Airframe Controls developed at the Lewis Research
Center is described including its application to an
advanced aircraft configuration.  Additionally, future
research directions in integrated controls are described.

Introduction

The research vision at the NASA Lewis
Research Center in the area of integrated flight and
propulsion controls(IFPCxechnologies is to perform
high-payoff research that is focused on the critical needs
of our customers, is collaborative with our industry and
university partners and includes mechanisms for
effective technology transfer.  The technology of
integrated flight/propulsion controls is required when
airoraft configurations exhibit significant levels of

petformance military aircraft, Single Stage to Orbit
vekicles, the Figh Speed Civil Transport, and powered
Ift vehicles, would exhibit significant coupling,
mtﬁgﬂlt‘)dﬁ\@k’pmﬂﬁm
controls that would adequately address this coupling.
Coupling can be addressed by looking at either the
"ioner loop” of the IFPC, generally associated with
basxcanﬁmandengmmbﬂnya“dmm
and the "outer loop” of the IFPC, generally associated

with the distribution of effector power to achieve
desired aircraft characteristics and capabilities.

The first significant attempt at an advanced
method for designing integrated controls was the USAF
Design Methods for Integrated Controls (DMICS)
Program. memmwm
centralized design', and onc based upon a partitioned

th wmdevelopedardapplﬂlto anF18
e e baotly (e partioned DMICS
approach was applied in the US/UK joint powered lift
program.  Here the target application aircraft was a
sodified F16, called the E7D, for short takeoff and
vertical landing (STOVL) capability. The modifications
inchuded a delta wing configuration, an cjector thrust
system, a ventral nozzle, and a reaction control system

(RCS). Designs were completed for a hover task and
evaluated by fixed based, piloted simulation with good
results’. A second application of the partitioned
DMICS approach, with some modification, was applied
to a mixed-flow vectored thrust STOVL configuration.
Again fixed-based piloted sinmlations were
accomplished”.

NASA Lewis has taken the first generation
DMICS technology and extracted the benefits of the
combined them into an advanced, or second generation
approach for integrated conttrol design, improving upon
the Kmitations of the DMICS approaches. The
techmology is called Integrated Methodology for
Propulsion/Airframe Controf’ (IMPAC). This paper will
describe the IMPAC method and other research
conducted in support of the development of this
technology. Secondly, this paper will discuss the vision
of the IFPC team at NASA Lewis for future research in
integrated controls.

IMPAC

A flowchart of the IMPAC design approach is
shown in Figure 1. The major IMPAC design steps are
(1) Generation of integrated airframe/engine models for
control design; (2) Centralized comtrol design
considering the airframe and engine system as an
integrated systeny;, (3) Partitioning of the centralized
confroller into separate aiffame and  engine
suboontrollers,  (4) Opetanonal flight envelope

expansion through
Suboortrolers; (5) Noofinear design such s
incorporation of limit logic for operational safety; and
(6) Full system controller assembly and evaluation
These design steps are briefly described in the
following. A detailed description of the methodology
is available in Ref. [S}.

Given that integrated, nonmlinear dynamic
models for the system are available, the first task in the
IMPAC design methodology mvolves generation of
dynamic models to be used for control law synthesis
(Block 1). These control design models are, in general,
traditional linear perturbation models of the system
taken at various operating points. An important issue in
a centralized lincar IFPC design approach is bow



ponlinearities of subsystems (e.g., propulsion system)
will effect the validity of the centralized lincar control
law synthesis. Therefore, some "conditioning” of the
control design models, based on nonlinear effects and
control design requirements, will be required to obtain
state-space dynamic models of the integrated system
that will allow a "realistic” centralized control design.

The centralized control design process (Block
Z)Mﬂlcﬁﬂlsystemstate-spaoemoonnolddgn
models previously developed and is based on available
mmltivariable linear control design techniques that bave
the capability to meet the IFPC requirements, for
example H,, based control synthesis techniques 6}
Design criteria fonmmlated from system performance
pmvxdeﬁnmaxyconuold@mgnspeclﬂcanons(e.g,
ﬁeqmyortimedepexﬂelnweiglningfwms)forﬂn
control law synthesis tool may result in a high order
centralized controller, controller order reduction may be
performed at this point in the method. The result of
ﬁﬁsmisanopemﬁngpoixnspeciﬁc,eennalized
Tinear feedback controller for the integrated system.

Once an acoeptable centralized controller is
designed, it is patitioned into decentralized

Ters (Block 3) using mathematical techmaques
that have been developed, see for example Ref. 7).

controller partitioning task is a set of linear
subcontrollers which match the performance and
robustness characteristics of the centralized controller to
a specified tolerance.

After completion of the operating point
specific linear partitioned subsystem control design,
detailed individual subsystem nonlinear control design
musst be performed.  The first step in the noplinear
control design involves extension of the individual

controllers to full envelope operation (Block
4)asdeﬁnedbyd1esystan:equhennﬂs. Typically
this would imvolve gain scheduling of individual
operating point subcontrollers to account for parameter
variations due to change in operating conditions. It is
envisioned that use of modem robust control synthesis
toolstoped'mnﬂlelirwarconnoldsigntaskswm
reduce the complexity of controller scheduling.

The second subsystem nonlinear control

design task (Block 5) involves accounting for the effects
of any additional subsystem nonlinearities such as
propulsion system safety limits. For example, the
propulsion system would require exhaust nozzle arca
control limit logic to ensure that engine surge margins
are maintained. After the appropriate nonlinear control

accommodation logic to be added to the full envelope
subsystem controllers.

The final task in the IMPAC design approach
is reassembly of the full envelope, nonlinear subsystem
controllers to form the closed-loop integrated system
Evaluations of the final IFPC design can then be
performed using nomrealtime simmlations as well as
pilot-in-the-loop (PITL) sirmlations. These evaluations
would test the actual system performance (e.g., handling
thnes)agam the desired system perfonnance
specifications.

acceptable control design usmg  the IMPAC
methodology will involve iterations through the various
design steps. However, the strength of the IMPAC
approach is that it considers the complete integrated
systen at each design step and provides the designer the
means to systemmatically assess the level of integrated
system performance degradation in going from one step
to the other. The control designer can then make some
"intelligent” trade-offs between comtroller complexity
and achieved performance at each design step, thus
reducing the mumber and severity of the design

STOVL IFPC Design

IMPAC has been applied to the design of an
IFPC for the E7D STOVL configuration®.  This
configuration is shown in Figure 2. The emphasis has
been a design for the transition mode of flight with a
piloted, fixed based evaluation of the approach

Figure 3 is a block diagram of the full
integrated flight and propulsion control system. The
main elements of the IFPC system are briefly described
in the following. The airframe control subsystem
consists of the following four main sections: the pilot
and Jimit Jogic blocks, the Jongitudinal measurement
blending, comtroller and Limit logic blocks, and the
command limiting block provides rate and range limits
and scales the pilot effectors to appropriately sized
commands. The resulting commands are then passed to



both the lateral and longitudinal controllers. The lateral
control system maintains closed-loop control of roll
rateyawratemﬂdnesnd&shpmgletmgﬂrailemm,
rodder, and roll and yaw RCS.  The longitodinal
control system mamntains closed-loop control of pitch
angle and rate, forward velocity and acceleration, and
the flight path angle using the elevons, aft nozzle ange,
ventral nozzle angle, pitch RCS, and thrust from the aft
and ventral nozzles and the ejectors. The tim

schedules provide the nominal steady state operating
point information for all of the actuators, including the
nominal thrust values. The Limit protection scheme
bounds the hand actuator Iimits for both the lateral and
back to the nominal controllers to prevent integrator
windup and to maintain closed-loop stability while
trying to maintain closed-loop performance.

The engine control subsystem acts on thrust
commands from the longitudinal control system.  The
commands and gain scheduling variables to the engne
subcontroller. The engine subcontroller consists of the
following four main sections: the fan speed schedule,
the nominal engine controller, the safety and actuator
limit logic, and the thrust estimator. The fan speed is
scheduled as a finction of the total commanded thrust.
The nominal engine controller maintains closed-loop
control over fan speed and the three estimated engime
thrusts (aft and ventral nozzles and ejectors). Whilefan
speed is measured directly, a measure of actual engme
ﬂm:stxsnotavailable,soamnlmstancmdelof&xe
engine provides estimates of the engine thrusts given
the available engine information. The engine achieves
the closed-loop control by menipulating the fuel flow,
ﬁ)eejectorbunerﬂyvalvepoauon,andtheaﬁand
ventral nozzle areas. The engine limit logic contains
actuator rate and range bounds and operational limits
for the engine, consisting of the accel/decel fuel flow
and fan rotor overspeed. Limit information is fed back
to the pominal control system to maintain stability
during imit conditions. A second version of the thrust
estimator is used to calculate thrust bounds based on the
engine accel/decel schedule. These thrust bounds are
fed back to the longitudinal controller actuator Hmit
block to provide thrust command Ibmits for the
longitudinal controller.

In order to evaluate the performance of the
integrated control design, a piloted simulation was
performed on the fixed base flight sinmlator’. The
major objectives of the piloted evaluation were to assess
controllability, performance and workload during a
series of four flight scenarios. The four scenarios
inchaded a wvertical tracking task, a combined
longitudinal and lateral tracking task, an abort sequence,
and 2 general maneuverability sequence.  For the

tracking tasks the pilot's objective was to maintain
?leciseconuolofﬂnﬂightpathsynbolbyoveﬂaying
it on a ghost guidance symbol which is programmed to
fly an optimal trajectory to a simulated landing. For the
abort sequence and general mancuverability tasks, the
pilot's objective was to assess the controllability and
predictability of the aircraft response during excessive

Twopilois,onewnhV/STOLandpowemd-

_ based simmlation evaluations of the IMPAC design.

Example aircraft response time histories for the vertical
and combined tracking tasks are shown in figures 4 and
5, respectively. As seen from Figure 4, the IFPC design
tightlty acceleration and velocity commands. the
ﬁlglnpmhoommtﬂxsalsouackedweﬂ,ahm:ghﬂne
is some delay in response due to control commumication
delays. There is some initial pitch deviation due to
deceleration command which the pilots felt could be
bothersome in instrument flight The results in Figure
5 also show tight tracking of the velocity command as
well as the bank angle and beading commands. The
very small sideslip response indicates good tum
coondination which will result in significant reduction in
pilot workload.

The pilot comments revealed good vertical
velocity and lateral respopse. Also, the comments
reflected a good capability to maintan steady
deceleration while tracking the ghost symbol to a
simmlated landing. The pilots could successfully
perform abort sequences and large muaneuverability
changes without loss of control predictability or
excessive workload. There did exist, however,
uncommanded pitch deviations due to coupling with
deviations could become objectionable in moving base
simmlation and indicated a need for better pitch
regulation in the integrated control design. Some pitch
deviations occurred due to coupling of pitch and
deceleration commands caused by actuator saturations
from the engine control. Overall, the integrated control
design gave successful performance i its first piloted
simulation of the STOVL mapeuvers, and this study
assisted in revealing improvements for an imtegrated
control redesign.

Curmrent and Future Directions

Currently, the NASA Lewis IFPC program is
progressing on three fronts. First, we are continuing to
develop the IMPAC method by additional research into
the application of gepetic search algorithms to



integrated control Here the idea is to apply genetic
approaches to improve the partitioning phase of the
design by improving the optimization approach.

Second, we are emphasizing transfer of the
basic technologies demonstrated in the MPAC STOVL
application to the private sector. These specifically
new and effective ways to handle integrator windup and
actuator saturation in mmitivariable systems, and the
IMPAC method itself.

Third, we are beginning a program to develop
a software based tool that will embody the IMPAC
philosophy for imtegrated controls design. It is the
vision that this software package will establish an
architecture that will not only encompass the IMPAC
approach but also will inchude other design methods that
have been proposed for application to integrated
controls design. For example, NASA Langley has
developed excellent tools for the automated design of
flight control systems. These tools are based upon
several years of research in areas suwch as Direct
Figenvalue assignment’®, and Stochastic Optimization
Feedback/Feedforward Technology (: . These
technologies, particularty SOFFT, could be used within
the IMPAC framework to perform the centralized
design and potentially the partitioning phases, or in a
stand alone mode for flight controls. Fmally, it is
believed that a careful architecture definition and the
availability of embedded expert design advice would
make such a software design tool a powerful and
extremely useful capability. This would establish a de
facto standard to help focus future integrated controls
tools and methods development for madimim impact at

In the future, we see three important needs in
the area of integrated comtrols. The first, as already
discussed, would be the completion of a prototype
software design capability for integrated controls. It is
obviously highly desirable that this design capability
reduce design process time and yield much more robust
control designs. Additionally, and pethaps more
importantly in the long nm, such a design capability
should enable a mew level of imteraction between
subsystem specialists. In the future, advanced
configurations could begin to emerge that exploit high
degrees of coupling, enabled by robust IFPC. It is the
opinion of the authors that the past practioe in advanced
designs resulted in compromised designs that avoided
coupling. This was an admission that in the past it was
too difficult or too complex to perform successful
integrated designs. Such a new capability would free
the advanced designer to look for and achieve
potentially radical designs that would represent
significant improvements in performance.

Second, there is a need for a successful, full
scale, flight demonstration of the payoff of an integrated
controls design on an advanced configuration. Such a
demonstration is an expensive proposition and will
undoubtedly require the resources of more that a single
organization resulting in a cooperative program of
national or international scope.

Thirdly, the IMPAC method has been
successfully applied to the "mmer loop” control design
problem. The pext step will be to modify the approach
to enable highly successful "outer Joop™ control system
designs. This will enable the designer to attack both
aspects of a complete integrated flight/propulsion
control system.

Concluding Remarks

NASA Lewis Research Cemter (LeRC)
researchers have developed a second generation
integrated comtrols  design methodology and

flight/propulsion control design for a complex Short
Take-Off and Vertical Landing aircraft configuration.
Current integrated controls activities at LeRC include
transfer of the integrated controls technologies to the
acrospace industry through contracted programs, further
development of the methodology through in-house and
sponsored research at universities, and development of
a computer aided software design tool for imtegrated
control system design It is envisioned that these
activities will result in industry acceptance of the
advanced integrated control design techniques and will
allow for radical new acrospace vehicle designs that
represent significant performance improvements over
current configurations.
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